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ABSTRACT 
A structure of a circularly polarized, thin conformal, 
antenna array which may be mounted integrally with 
the skin of an aircraft employs microstrip elliptical ele- 
ments and interconnecting feed lines spaced from a 
circuit ground plane by a thin dielectric layer. The feed 
lines are impedance matched to the elliptical antenna 
elements by selecting a proper feedpoint inside the pe- 
riphery of the elliptical antenna elements. Diodes con- 
nected between the feed lines and the ground plane 
rectify the microwave power, and microstrip filters 
(low pass) connected in series with the feed lines pro- 
vide DC current to a microstrip bus. Low impedance 
matching strips are included between the elliptical ele- 
ments and the rectifying and filtering elements. 
7 Claims, 6 Drawing Figures 
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THIN CONFORMAL ANTENNA ARRAY FOR 
MICROWAVE POWER CONVERSION 
diode lodged in the dielectric material with one termi- 
nal connected to the conductive strip between the filter 
and low impedance matching stubs, and the other termi- 
nal connected to a metal backing sheet. For low power, 
5 all disk elements are connected in parallel to the load 
terminal with a single microstrip filter connected to 
matching stubs and a rectifying diode. For moderate 
power levels, disk elements are connected in series-par- 
allel with a number of disk elements in series, each 
10 feeding into a microstrip filter and matching stubs with 
a diode connected between the microstrip filter and the 
matching stubs. For high power levels, disk elements of 
This invention relates to improvements in a micro- an array are connected in series-parallel, each with a 
strip circularly-polarized antenna array and more par- plurality of filters matching stubs and rectifying diode 
titularly to such an array for receiving and converting 15 assemblies. For impedance matching the feedpoint of a 
microwave power to DC current. disk element to a microstrip filter, a feed line (conduc- 
There is a long-standing need for low cost, low pro- tive strip) is inset to a point of proper impedance within 
file conformed antenna arrays which can be mass pro- the periphery of the disk element by etching away a 
duced. That need has been more fully satisfied by mi- notch on the disk element on each side of the strip to the 
crostrip antenna techniques than by any other prior art 20 depth of the feedpoint selected. Each disk element is 
techniques reviewed in U.S. Pat. NO. 3,803,623. Ac- symmetrical about orthogonal major and minor axes, 
cording to that review of the technique, circular, ellipti- and preferably elliptical with a major axis not much 
cal, or even rectangular (but preferably elliptical) an- greater than the minor axis. The feedpoint is selected to 
tenna elements are made by etching copper clad low- be between the major and minor axes for maximum 
loss printed circuit board material, and a feedpoint is 25 efficiency of response to circularly polarized radiation 
selected to match a low transmission line characteristic incident upon the array; the precise impedance of the 
impedance, typically 50 ohms. A problem with laying feedpoint is then selected to match the input impedance 
out an array of antenna elements is providing the proper of the filter by insetting the connecting strip to a point 
feedpoint for the desired input impedance in elements of inside the periphery of the array that is of proper impe- 
a given geometry. It has been discovered that this prob- 30 dance. 
lem is greatly alleviated by setting in the feedpoint suffi- The novel features that are considered characteristic 
ciently to reduce the input impedance to the value re- of this invention are set forth with particularity in the 
quired for whatever feedpoint is selected. appended claims. This invention will best be understood 
When an array of dipole elements is employed to from the following description when read in connection 
convert microwave energy for power, as for propulsion 35 with the accompanying drawings. 
BRIEF DESCRIPTION O F  THE DRAWINGS of a vehicle, it is desirable for the energy received to be rectified at the antenna array. Such an arrangement is 
commonly referred to as a “rectenna” because it com- FIG. 1 is an isometric view of a single disk element 
bines the function of rectification with that of receiving having a strip line filter, a discrete diode rectifier and a 
microwave energy in the antenna array by placing recti- 40 stripline impedance matching stub assembly connected 
fying diodes between dipole elements to break up the to a feedpoint within the periphery of the disk element. 
large aperture of the array into the smaller apertures of FIGS. Za and 26 are sectional views of FIG. 1 along 
the dipoles as disclosed in U.S. Pat. NO. 3,434,678 in a line 2-2 showing two alternate ways in which a 
which each dipole is effectively terminated by a diode diode may be lodged in a dielectric layer and connected 
whose DC output feeds into a common DC load either 45 between a metal back plate and the microstrip circuit 
in series or in parallel with dipole elements. A problem between a low-pass filter and a matching stub. 
with such a rectenna is that optimum performance of FIG. 3 is a plan view of a rectenna array for moderate 
the dipoles requires a fixed orientation with respect to power applications. 
the polarization angle of the transmitted beam. Other FIG. 4 is a plan view of a rectenna array for low 
examples of rectennas are to be found in US. Pat. Nos. 50 power applications. 
3,535,543 and 3,852,755. An example of how rectennas FIG. 5 is a plan view of a rectenna array for high 
are to be used may be found in U.S. Pat. No. 3,114,517. power applications. 
It is desirable to combine with the technology of recten- 
nas the technology of microstrip antennas of which U.S. 
Pat. Nos. 3,803,623 and 3,921,177 are exemplars, but in 55 
a thin conformal array particularly suited to mounting 
integrally with thin structures, such as aircraft wings, 
requiring minimal space. 
n e  invention described herein was made in the per- 
formance of work under a NASA contract and is sub- 
j w t  to the provisions of Section 305 of the National 
Aeronautics and Space Act of 1958, Public Law 85-568 
(72 Stat. 435; 42 USC 2457). 
DESCRIPTION OF PREFERRED 
EMBODIMENTS 
Referring now to the drawings, FIG. 1 shows a circu- 
larly polarized microstrip antenna element 10 of copper 
foil on a layer 11 of dielectric material, such as teflon- 
ORIGIN OF THE INVENTION 
BACKGROUND O F  THE INVENTION 
impregnated fiberglass, backed by a sheet 12 of conduc- 
60 tive material, such as copper or aluminum, which serves SUMMARY O F  THE INVENTION 
In accordance with the invention, a plurality of circu- 
larly polarized (disk) antenna elements are fabricated on 
a metal sheet clading a layer of dielectric material by 
etching the metal sheet in a pattern which includes 
conductive strips connecting the elements to a common 65 
load terminal, each antenna element having at least one 
microstrip low-pass filter connected to low impedance 
matching stubs, and including at least one rectifying 
as a ground plane. A microstrip low-pass filter 13 is 
coupled to the antenna element by a microstrip feed line 
14. Microstrip impedance matching stubs 15 are con- 
nected to the filter element by a microstrip conductor 
16 in order to match the impedance of the filter to a low 
impedance load for the first and all even and odd har- 
monics of the frequency of the radiant energy being 
received. A diode D I  is connected between the strip 
I 
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conductor 16 and the ground plane 12 at a point 17 of A rectenna assembly using microstrip technology and 
the strip conductor that is spaced a distance from the a circularly polarized (disk) antenna is useful for electri- 
matching stubs and the low-pass filter to optimize cou- cally powered vehicles, such as aircraft, because it vir- 
pling into the low impedance diode. The strip conduc- tually eliminates losses due to polarization angle mis- 
tor 16 between the filter and the diode is selected to be 5 alignment. The microstrip implementation using an 
of a width and length that will match the impedance of etched copper foil on a thin dielectric substrate pro- 
the diode. vides sufficient flexibility to conform with vehicle 
FIGS. 2a and 26 illustrate alternate ways in which a structures such as aircraft wings or fuselage. However, 
diode, is inserted through the dielectric layer 11 and for such applications as electrically powered vehicles, 
connected between the conductive strip 16 and the 10 considerably greater power is required than can be 
ground plane 12. In FIG. Za, the diode is encapsulated received by one or two antenna elements. FIGS. 3, 4 
in dielectric material 18, such as glass or ceramic, so and 5 illustrate arrays for moderate, low and high 
that inserting and connecting the diode is a simple mat- power applications, respectively. These large arrays 
ter of drilling a hole through the microstrip structure at can be conformed to the configuration of the metal 
the appropriate location, bending the diode leads and 15 surface of the aircraft. The ground plane can be 
soldering or otherwise fusing the leads to the conduc- mounted integrally with that metal surface, but in most 
tive strip 16 and the ground plane 12. In FIG. 26, the cases would be an aluminum or copper sheet or foil 
diode is encapsulated in a ceramic body 18’ between backing on the dielectric connected electrically to the 
metal ends I& and 186. The end 18b is threaded to metal surface of the vehicle. An R F  transparent coating 
screw into tapping threads in the ground plane 12. In 20 can be applied over the microstrip antenna array for 
either case, the diode is inserted and connected with the aerodynamic flow and protection of etched circuit ele- 
polarity desired for the voltage to be derived from the ments. 
microwave beamed power. For the polarity indicated in Referring now to FIG. 3, which utilizes this novel 
FIGS. 2a and 2b, the ground plane is the negative DC combination of microstrip and rectenna technologies 
output terminal. The microstrip etched strip 16 of con- 25 with circularly polarized antenna elements, a fragmen- 
ductive material forms the positive DC output terminal. tary section 30 of an array of rectenna units comprised 
Since the sheet of conductive material from which the of antenna disk elements 31, each having an inset feed 
strip 16 is etched is everywhere at the same DC poten- line 32, a conductive strip filter 33, matching stubs 34 
tial, it is possible to connect a lead anywhere, but it is and a rectifying diode indicated by an “X”, all as de- 
preferable to connec! the current collection lead in the 30 scribed with reference to FIG. l. The rectenna units 
form of a conductive strip 35 (FIG. 3) connecting to the formed as shown and described in FIG. 1, are DC con- 
quarter wavelength interconnecting line 19 of micro- nected in cascade. A bus 35 along one edge of the array 
wave power conversion units similar to the one unit is used to connect all cascaded units in parallel. 
shown in FIG. 1. The DC connection from one unit to the next in 
Included in the matching stubs 15 is an outer stub of 35 cascade is made by a conductive strip 36 of a length 
a length selected to be A/4 for the first harmonic, Le., selected to be A/4, as noted hereinbefore, which has as 
for the fundamental frequency of the received micro- its function the provision of an R F  isolated DC connec- 
wave power beam, and an inner stub of a length se- tion from the DC output of one unit to the disk element 
lected to be A/4 for the second harmonic. The length of of the next. The conductive strip from the last unit 
the conductive strip 19 from the matching stubs to the 40 connected to the bus bar 35 is likewise an R F  isolated 
load (other antenna element or a power bus) is selected DC connection the length of which is selected to be a 
to be a quarter wavelength. In the case of connecting quarter wavelength long. The disk elements are spaced 
disk antenna elements in cascade, each with its own with their centers approximately 6/10 h apart in every 
filter, rectifier and matching stubs, the length of the direction, where A is measured in free space. The major 
conductive strip 19 to the next antenna element 10 is 45 axis of each disk element is selected to be approximately 
selected to be A/4. half a wavelength of the received R F  energy as mea- 
The feed line 14 is connected to the antenna element sured in the dielectric layer. 
10 at a location midway between the major and minor FIG. 4 illustrates a fragmentary section of a rectenna 
axes such as to yield maximum response to circular for low power applications in which the disk antenna 
polarized radiation. The impedance drops to a minimum 50 elements 41 are spaced as before with their centers 
as the connecting point is shifted toward the center of spaced approximately 6/10 A and with feed lines 42 set 
the disk (or the major axis as described in the aforesaid in as before. A microstrip conductive pattern shown 
U.S. Pat. No. 3,803,623). Improved matching is connects the feed lines to a conductive strip filter 43. 
achieved in accordance with one feature of this inven- The output of the filter is coupled to matching stubs 44, 
tion by setting in the feed element inside the periphery 55 and a diode indicated by an X rectifies the output of the 
of the antenna element to a point where the impedance diode as in the single element rectenna of FIG. 1. The 
matches the characteristic impedance of the microstrip feed lines 42 are set in as necessary for R F  impedance 
filter. For example, if the impedance of the antenna matching with the input of the filter. The DC at the 
element is found to be 75 ohms on the periphery where output of the filter is connected to a load through a thin, 
the feed element is selected to be connected for laying 60 high impedance conductive strip 45 at any convenient 
out an array pattern, and the characteristic impedance point in the microstrip pattern, such as the geometric 
of the microstrip filter is 50 ohms, the feed element is center of the pattern. All points of the microstrip pat- 
simply set in, as shown in FIG. 1, to a point where the tern are at the same DC potential with respect to the 
impedance of the antenna element is found to be 50 ground plane, so the main concern other than R F  impe- 
ohms. The more the feed element is set in, the lower the 65 dance matching, in connecting together all of the feed 
impedance. This facilitates impedance matching with- elements 42 at the input of the filter, and in connecting 
out significantly affecting the‘efficiency of the antenna the rectified and filtered output to a load, is the resis- 
element. tance of the microstrip lines to the total DC current 
5 
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received. That total will be limited for low power appli- in the high-power arrangement of FIG. 5, the number 
cations by the capacity of the single rectifying diode, of diodes connected in parallel to an antenna disk ele- 
which may range up to 50 watts. ment is only limited by the skill with which the micro- 
For high power applications, a rectenna constructed strip layout may be arranged to add other feed lines, 
in accordance with the present invention would be as 5 filters, diodes and matching stubs without individual 
shown for a fragmentary section 50 of an array shown rectifying and filtering circuits touching, or coming into 
in FIG. 5. Antenna elements 51 are arranged as before. too close proximity. Thus as many as two, four, six, or 
A feed line 52 is inset as before and connected to a even eight diodes per disk element are possible although 
microstrip filter 53. The output conductive strip of the only four diodes per disk element are shown in FIG. 5. 
filter is bifurcated, and the branches are connected to 10 Consequently, it is intended that the claims be inter- 
matching stubs 54 and 55. In each branch there is a preted to cover such modifications and equivalents. 
rectifying diode indicated by an X. The rectified and What is claimed is: 
filtered DC output of one rectenna unit is DC con- 1. An antenna array for microwave power conver- 
nected to a second feed line 56 inset as the first feed line sion comprising a metal sheet cladding a layer of dielec- 
52, and connected to a second conductive strip filter 57. 15 tric material, said layer of dielectric material being dis- 
The output of the second conductive strip filter 57 is posed over a metal backing sheet, and a plurality of 
connected to a bifurcated conductive strip, each branch circularly polarized antenna elements fabricated on said 
having a rectifying diode. It should be noted that one metal cladding sheet by etching said metal cladding 
branch shares the matching stubs 55 while the other has sheet in a pattern which includes conductive strips con- 
its own matching stubs 58. The result is a symmetrical 20 necting said antenna elements to a common load termi- 
arrangement of two feed lines connected to separate nal and between said antenna elements and said load 
filters with two rectifying diodes at the output of each terminal, at least one microstrip low-pass filter con- 
filter foi a total of four rectifying diodes per disk ele- nected to low impedance matching stubs and lodging a 
ment. The power capacity is thus four times that of the rectifying diode in said dielectric material with one 
moderate-power arrangement oi FIG. 3. 25 terminal connected between said filter and matching 
Limitations on the high flux density that may be re- stubs, and the other terminal connected to said metal 
ceived by the arrangement of FIG. 5 also include ther- backing sheet. 
mal dissipation as well as breakdown of the diodes, 2. An antenna array for microwave power conver- 
while the limitation on the low flux density by the ar- sion as defined in claim 1 wherein each conductive strip 
rangement of FIG. 4 is the directivity of the angular 30 connected to an antenna element as a feed line to a filter 
region within which R F  energy is received due to any is inset to a point inside the periphery of the antenna 
increase in the number of antenna disk elements ar- element of proper impedance to match the impedance 
rayed. In other words, for the low flux density variant of the filter. 
of FIG. 4, more elements would be desired, but the 3. An antenna array as defined in claim 2 for low 
greater directivity that results limits the use of that 35 microwave power conversion wherein all antenna ele- 
variant because the array must then be pointed more ments are connected in parallel to said load through a 
accurately toward the low flux RF source in order to single microstrip low-pass filter connected to matching 
receive maximum power. Therefore it would be desir- stubs, and a single rectifying diode lodged in said dielec- 
able to collect the incident R F  power at a number of tric material with one terminal connected to said con- 
separate rectenna arrays of FIG. 4, each with a reason- 40 ductive strip between said filter and said low impedance 
ably small nunmber of disk elements, and to sum the matching stubs, and the other terminal connected to a 
outputs of the separate rectenna arrays. Thus, for low metal backing sheet. 
power a number of disk elements may be arrayed and 4. An antenna array as defined in claim 2 wherein all 
summcd via proper R F  lines of proper lengths and of said antenna elements are connected in series-parallel 
characteristic impedances before presenting the 45 with a plurality of groups of said antenna elements con- 
summed R F  energy to a conductive strip filter and nected in cascade with each feeding into a separate 
diode. This allows the diode to operate at its most effi- microstrip filter connected to separate matching stubs, 
cient conversion level of R F  into DC output power. and with a separate diode connected between the mi- 
For the other extreme of high flux density, the arrange- crostnp filter and the matching stubs, and wherein the 
ment whereby multiple diodes are fed R F  power from a 50 last of each group of antenna elements so cascaded is 
single antenna element allows the high level R F  power connected to a common load through a last microstrip 
to be divided among several diodes thereby preventing filter connected to matching stubs, and with a separate 
excess R F  input to an individual diode thus promoting diode connected between said last microstrip filter and 
long life and high conversion efficiency of high power connected matching stubs. 
R F  to high power level DC output. By paralleling di- 55 5. An antenna array as defined in claim 4 for high 
odes or subdividing the R F  output of the antenna disk power conversion wherein each of said antenna ele- 
element before applying it to a rectenna converter cir- ments is connected to a plurality of microstrip filters, 
cuit, the flexible microstrip array can efficiently operate matching stubs and rectifying diodes. 
at high level incident R F  flux densities. An operating 6. An antenna array for microwave power conver- 
limit due to waste heat temperature rise in the micro- 60 sion comprising a plurality of circularly polarized an- 
strip ground plane obviously exists, therefore maximum tenna elements fabricated on a metal front sheet clad- 
R F  flux density limits do exist which depend upon the ding a layer of dielectric material over a metal backing 
conversion efficiency and array cooling. sheet by etching said metal front sheet in a pattern 
Although particular embodiments of the invention which includes conductive strips connecting the said 
have been described and illustrated herein, it is recog- 65 antenna elements to a common load terminal, each an- 
nized that other embodiments may readily occur to tenna element having at least one microstrip low-pass 
those skilled in the art as modifications of those illus- filter connected to low impedance matching stubs, and 
trated, or equivalent to those illustrated. For example, at least one rectifying diode lodged in said dielectric 
I 
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material with one terminal connected to said conduc- major and minor axes, and the place for the connecting 
tive strip between said filter and low impedance match- conductive strip is selected to be between the major and 
ing stubs, and the other terminal connected to said metal minor axes for maximum response to circularly polar- 
backing sheet, each conductive strip feeding from an ized radiation incident upon the array and the precise 
antenna element into a filter being inset within the pe- 5 impedance of the selected feedpoint is then selected to 
riphery of the antenna element to a point of proper match the input impedance of the filter by insetting the 
impedance to match the input impedance of the filter. connecting strip to a point inside the periphery of the 
7. An antenna array as defined in claim 6 wherein array to a point that is of proper impedance. 
each antenna element is symmetrical about orthogonal * * * * *  
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